A various size of Sn-Cu nanoparticles were synthesized by using a modified polyol process for low temperature electronic devices. Monodispersive Sn-Cu nanoparticles with diameters of 21 nm, 18 nm and 14 nm were synthesized. In addition, the eutectic composition shift was also observed in nano-sized particles as compared with bulk alloys. By controlling the size and eutectic composition, a significant melting temperature depression of 30.3 C was achieved. These melting temperature depression approaches will reduce adverse thermal effects in electronic devices and provide the synthesis guidelines for bimetallic nanoparticles with a low melting temperature.
INTRODUCTION
The high temperature process decreases the reliability of electronic assemblies because of the energy consumption, substrate warpage and thermal stress. Hence, the metal nanoparticles with a low melting temperature such as Ag, Cu, Sn and bimetallic compounds were researched as an electronic device interconnection and flexible display materials. [1] [2] [3] [4] Of these alloys, the Sn(tin)-Cu(copper) bimetallic compound is considered as the most promising candidate alloy because of its low melting temperature, 227 C, the eutectic composition Sn-0.7Cu (numbers are all in weight percent unless specified otherwise) and relatively low cost. [5] [6] A size-dependent melting point depression occurs when the size of a particle reaches the nanometer scale. On account of the melting temperature depression of nanometer-size particles, studies on Sn-containing nanoparticles have recently been reported. Jiang et al. and Hsiao et al. used a chemical reduction method to synthesize Sn-3.5Ag and Sn-3.5Ag-xCu (x = 0 2, 0.5, 1.0). [7] [8] Both studies reported the successful synthesis of nanoparticles smaller than 20 nm and the observation of a melting temperature depression. However, the nonuniform size of the nanoparticles resulted in several melting peaks in differential scanning calorimeter (DSC) analysis, and no obvious melting temperature depression * Author to whom correspondence should be addressed. was observed. To apply metal nanoparticles to electronic devices, we need to ensure that the size distribution of the nanoparticles is monodispersive; the monodispersivity facilitates the task of melting and connecting a chip to a substrate at a certain temperature. To the best of our knowledge, there has been no report on the Sn-Cu bimetallic nanoparticle. In this paper, we synthesized and characterized the monodispersive Sn-Cu bimetallic nanoparticles by using a modified polyol process and observed a significant melting temperature depression by controlling the size and composition. 9 
EXPERIMENTAL DETAILS

Preparation of Nanoparticles
A modified polyol process was used to synthesize Sn-Cu nanoparticles. Tin(II) acetate (Sn(C 2 H 3 O 2 2 , SigmaAldrich) and Copper(II) acetylacetonate (Cu(C 5 H 7 O 2 2 , Strem) were used as precursors of the Sn-Cu nanoparticles. The reducing agent, surface stabilizer, and solvent were NaBH 4 (99%, Sigma-Aldrich), poly(vinyl pyrrolidone) (PVP) (MW = 55000), and 1,5 pentanediol (96%; Sigma-Aldrich), respectively. All chemicals were used as received without further processing or purification.
Different sized Sn-0.7Cu nanoparticles were synthesized by a sequential NaBH 4 
Characterization
The melting temperature measurements were taken with a DSC (TA Instruments). The heating rate of the DSC was 3 C/min from 50 C to 250 C. Powder XRD data were obtained on a Rigaku D/max-2500 diffractometer with Cu K radiation and the scan rate was 1 /min. The size of nanoparticle was estimated from XRD using Scherrer equation: L = K / cos , where L is the average particle size, K is the Scherrer constant related to the shape and index (hkl) of the crystals, is the wavelength (0.15406 nm) of the X-rays, is the additional broadening (in radians), and is the Bragg angle, respectively.
10
TEM (EM 912 omega operated at 120 kv), HRTEM (JEOL JEM 2100F operated at 200 kV) and electron diffraction images were used to determine the structure of the Sn-Cu nanoparticles. Samples for the TEM analysis were prepared by dropping an ethanol solution containing Sn-Cu nanoparticles on copper grids coated with carbon film. For elemental analysis, a Perkin-Elmer optima 4300DV inductively coupled plasma atomic emission spectrophotometer (ICP-AES) was used. Finally, XPS (AXIS-NOVA (Kratos Inc.)) was used to investigate the surface oxide layer of the Sn-Cu nanoparticles.
RESULTS AND DISCUSSION
The synthesis of Sn-Cu nanoparticles was conducted by means of a one-pot polyol process in the presence of Figure 1 . The monodispersive Sn-0.7Cu nanoparticles with a diameter of 21 nm ( ≤ 7 7%, standard deviation) were obtained at 200 C, and those with a diameter of 18 nm ( ≤ 4 9%) were synthesized at 160 C. However, there was no further decreases in the size of the nanoparticles, even at a low synthesis temperature. For smaller Sn-0.7Cu nanoparticles, two hot baths were used; the temperature was 100 C in one bath and 200 C in the other. Sn precursors need to be reduced at a low temperature for smaller Sn nanocrystals. On the other hands, Cu should be injected at a high temperature to prevent from Cu oxidation. 11 Hence, the Sn nanocrystals were reduced by NaBH 4 at 100 C. A pot containing Sn nanocrystals was then moved to the 200 C hot bath, and Cu was injected into Sn nanocrystals. With this two-step process in a single pot, the monodispersive nanoparticles with a diameter of 14 nm ( ≤ 4 9%) were synthesized as shown in Figure 1(c) . The SAED pattern, high resolution transmission electron microscopy (HRTEM), and X-ray diffraction (XRD) confirm the formation of -Sn and SnO 2 as shown in the inset of Figures 1(a), 2(a), and 3(a) , respectively.
12-14 The X-ray photoelectron spectroscopy (XPS) analysis was used to observe the surface oxidation. The Sn spectrum shows two peaks due to the spin-orbit coupling of the 3d state with a spin-orbit separation of 8.4 eV:one peak, at 485 eV, is assigned to Sn 3d 5/2 ; the other peak, at 493.4 eV, is assigned to Sn 3d 3/2 . 15 For the Sn-0.7Cu nanoparticles, Sn 3d 5/2 region shows two peaks at a binding energy of 485 eV, indicating pure Sn, and 486.6 eV, indicating SnO 2 as shown in Figure 2(b) . This indicates that Sn nanoparticles were partially oxidized due to the rapid oxidation in air during the separation and sampling processes for analysis; however, the formation of pure Sn-Cu nanoparticles might be obtained during the reaction because oxygen source was rigorously eliminated during experiments.
16-17
The thickness of the SnO 2 layer does not increase in ambient atmosphere because the oxide layer would function as a passivating layer to hinder further oxidation. 15 The diffraction patterns become broadened as the size of the nanoparticles decreases due to the smallness of the crystallites as shown in Figure 3(a) . [18] [19] For the Sn-0.7Cu bulk alloy powder, we detected -Sn and Cu 6 Sn 5 peaks. However, no obvious Cu 6 Sn 5 peak was observed in the XRD pattern of the nanosized particles. In addition, the peak intensity of SnO 2 was small as compared with that of Sn because the XRD analysis did not detect the thin surface oxidation layer. 1 20 The mean size of Sn-Cu nanoparticles was estimated from the full width at half maximum (FWHM) of the (200) peaks in the XRD patterns shown in Figure 3 (a) using Scherrer equations. The average size was 68 nm, 21 nm and 13 nm from bulk to 14 nm sized Sn-Cu nanoparticles and these results were well consistent with the size calculated using TEM analysis as can be seen in Figure 1 . Clear and continuous lattice fringe images were obtained as shown in the inset of Figure 1(b) . The measured interplanar distance is 0.29 nm, which corresponds to the orientation of the (200) planes of -Sn. [21] [22] However, no lattice fringe was observed in the SnO 2 shell, indicating that the surface oxide layer is amorphous SnO 2 as reported previously. 14 15 23 The amount of Cu is so little to form periodic Cu 6 Sn 5 crystal structures in the nanoparticles, though the Cu 6 Sn 5 structure is not evident in HRTEM images. To determine the size-dependent melting temperature depression, we used DSC analysis as can be seen in Figure 3(b) . The peak melting temperature of the Sn-0.7Cu bulk alloy was 230.6 C. The peak melting temperatures of the 21 nm, 18 nm and 14 nm Sn-0.7Cu nanoparticles were 212.9 C, 207.9 C and 205.2 C, respectively. These temperatures are 17. the melting temperature depression was the broadening of the melting temperature peak. This feature is more evident for smaller nanoparticles than for bulk alloys. Kofman et al. reported that the enhanced surface melting caused by the curvature effect and thickness of the liquid layer is much greater than that observed in bulk alloys and, as a result, induces a broadening of the melting temperature in smaller nanoparticles. 25 To decrease the melting temperature further, we synthesized Sn-xCu (x = 0, 0.7, 2.1, 4.1, 5.3 and 6.6) nanoparticles in the same two-step process that was used to synthesize the 14 nm Sn-0.7Cu nanoparticles. For Sn-Cu bulk alloys, the composition of Sn-0.7Cu is the eutectic point, which corresponds to the lowest solid-to-liquid transition point. However, the melting temperature decreased to 200.3 C for the Sn-5.3Cu, which is 4.9 C lower than that of the Sn-0.7Cu nanoparticles as shown in Table I . The melting temperature can be affected by the composition and size of bimetallic compounds. For the compositional analysis, we conducted inductively coupled plasma analysis (ICP). The results confirm that the Sn-xCu nanoparticles were well synthesized as the initially intended composition. To see the size effect on the melting temperature, more than two hundreds of Sn-xCu nanoparticles were selected to calculate the size distribution as shown in Figure 4 . The mean diameter is around 14 nm and the size deviation is less than 7.2%, indicating that the melting temperature depression is not affected by the size distribution. These results confirm that the eutectic composition shifted from Sn-0.7Cu in the bulk phase diagram to Sn-5.3Cu in the 14 nm nanoscale phase diagram. The shift in the eutectic composition can be explained as a result of a substantial increase in the solubility of the nanoparticles as compared to that in the bulk alloy. [26] [27] The solubility limit of Cu in Sn in a bulk state is less than a 0.006 wt% under the eutectic temperature; thus, the Cu 6 Sn 5 and -Sn phases are formed for Sn-0.7Cu bulk 28 Due to the increase in the solubility limit of Cu in Sn in a nano state, no Cu 6 Sn 5 peak was observed for Sn-0.7Cu as shown in Figure 5 (a). For Sn-5.3Cu nanoparticles, on the other hand, a clear Cu 6 Sn 5 peak was detected as can be seen in Figure 5(a) . This result confirms the increase in the solubility limit of Cu in Sn in nano-sized particles, and shows that the composition of Sn-5.3Cu is the eutectic point in the 14 nm nanoscale phase diagram as shown in Figure 5 (b).
SUMMARY
In summary, to find the low melting temperature bimetallic compounds, we used a modified polyol process to synthesize Sn-Cu bimetallic nanoparticles in the presence of PVP. Monodispersive Sn-Cu nanoparticles with diameters of 21 nm, 18 nm and 14 nm were synthesized, and eutectic composition shift from Sn-0.7Cu in a bulk phase diagram to Sn-5.3Cu in a 14 nm nanoscale phase diagrma was observed. By controlling the size and composition, a significant melting temperature derpression of up to 30.3 C was achieved. These low melting temperature nanoparticles will reduce adverse thermal effects, thereby increasing the reliability of electronic devices.
